Abstract: This study investigated the effects of polymers on the small-strain stiffness behavior of high volume Class-F fly ash-kaolinite mixtures. The shear wave velocity (V s ) and its anisotropy of organically modified fly ash-kaolinite mixtures were evaluated using a selfdeveloped floating wall type consolidometer bender element (BE) testing system. Both synthetic polymers [polyethylene oxide (PEO)] and biopolymers (xanthan gum and chitosan) were used to modify the stiffness of fly ash-kaolinite mixtures. Shear waves generated and received by bender elements were measured to quantify the small-strain stiffness of the organically modified fly ash-kaolinite mixtures in three orthogonal directions, i.e., vh, hv, and hh. The results suggested that (1) as the fly ash content increased, V s increased, while the V s anisotropy, in terms of shear wave velocity ratio V s−hh =V s−vh , decreased; (2) a threshold fly ash content concept, which corresponds to the onset of continuous contact chains between fly ash particles throughout the specimen, was used to distinguish the kaolinite-dominated zone from the fly ash-dominated zone of V s and V s anisotropy behavior; (3) the introduction of fly ash was also found to enhance the crossanisotropy of fly ash-kaolinite mixtures; (4) the addition of PEO and chitosan increased the V s of the fly ash-kaolinite mixtures, while the addition of xanthan gum decreased the V s ; and (5) all three polymers were found to decrease the V s anisotropy of the fly ash-kaolinite mixtures.
Introduction
As coal remains the most abundant and accessible fossil fuel in the world, energy production from coal inevitably generates coal combustion products, and fly ash is a major component. Fly ash is generally classified into two types, Class C and Class F, respectively [ASTM C618 (ASTM 1997a) ]. Class C fly ash contains a high volume of pozzolanic materials, which exhibit good selfcementitious properties and have the potential for use in concrete, pavement, and soil stabilization. On the contrary, Class F fly ash has very weak pozzolanic effects and high content in heavy metals, which lead to difficulties in engineering reuse (White et al. 2005; Yeboah and Burns 2011) . Class F fly ash also brings the high cost of disposition and may pollute the environment (Yeboah and Burns 2011) . Traditional stabilizers, such as lime and cement, are often used to improve the mechanical properties of Class F fly ash-soil mixtures. Besides the relatively high cost and high carbon footprint in the production of lime and cement, the volume of the reused fly ash by traditional stabilizers is normally less than 20% by weight (White et al. 2005; Zia and Fox 2000) . Therefore, to enhance high volume reuse of Class F fly ash in geotechnical engineering, alternative stabilizers are needed.
Organic matter, such as surfactants and polymers, are reported to effectively improve stiffness (Bate et al. 2013; Choo et al. 2015) , shear strength ; Khatami and O'Kelly 2013; Martin et al. 1996) , frictional resistance , wind and tide erosion resistance (Kavazanjian et al. 2009; Nugent et al. 2010) , and permeability (Bouazza et al. 2009; Martin et al. 1996) of geomaterials. The addition of a surfactant with a long carbon chain (C 16 ) onto montmorillonite can increase the friction angle up to 60°and increase the shear wave velocity (V s ) up to 154 m=s at a mean normal stress of 50 kPa (Bate et al. 2013 . The main soil improvement mechanism by surfactants was that adsorbed organic surfactants reduced the net surface charge (indicated by zeta potential) of the soil particles, reduced the interparticle repulsive forces, condensed the soil, and thereby increased its stiffness and strength . The role of polymers in soil improvement mechanisms is more complicated, consisting of polymer-induced cohesion (at a macrograin scale) (Cole et al. 2012) , polymer bridging (Nugent et al. 2010; Zhang et al. 2013) , Coulomb forces, and the interaction between the individual function groups on polymer chains and clay mineral surfaces (Nugent et al. 2010; Podsiadlo et al. 2007; Zhang et al. 2013 ). The addition of organics could possibly increase the bonding between negatively charged Class F fly ash (zeta potential is around −8mV) and soil particles through polymer bridging and electrostatic forces. To date, however, the effects of polymers on the mechanical properties of fly ash-soil mixtures have not been well documented in the literature.
Small-strain stiffness is an important soil property in characterizing the responses of geotechnical structures under dynamic loadings, such as earthquake, pile driving, traffic, machine vibration, wind, and tide. Small-strain stiffness is often evaluated by either maximum shear modulus G max or shear wave velocity V s , which are interrelated by G max ¼ ρ eff V 2 s , where ρ eff is effective soil density, a term considering the relative motion between the solid and fluid phases during dynamic loading (Qiu et al. 2015) . Using the normalized wave frequency equation proposed in Qiu and Fox (2008) , together with the measured hydraulic conductivities of the geomaterials (on the order of 1 × 10 −7 m=s or less, data not shown) and the excitation frequency of bender element in this study (<6,000 Hz), the normalized wave frequency is approximately 8 × 10 −4 , which suggests ρ eff ≈ ρ sat . The influencing factors on small-strain stiffness are confining stress, density, over consolidation ratio, plasticity index, cementation, and loading frequency (Kramer 1996) .
Stiffness anisotropy is often present in natural and engineered geomaterials. Stiffness anisotropy can be evaluated by shear wave velocities in three orthogonal directions (Fig. 1), i.e., V s−vh , V s−hv , and V s−hh , where v and h denote vertical and horizontal directions, respectively; the first subscript letter denotes the direction of shear wave propagation, and the second subscript letter denotes the direction of soil particle vibration. The ratio of the maximum (in hh direction) and minimum (in vh direction) G max can be higher than 1.65 (or 1.29 in terms of V s−hh =V s−vh ratio) for Gault clay (Pennington et al. 1997) . Therefore, designs could be better developed to account for actual conditions, where stiffness anisotropy is significant. In addition, cross-anisotropy, i.e., where the geotechnical properties in vh and hv directions are the same, is often assumed in micromechanical models and theories (Yimsiri and Soga 2000) . Many published works, however, presented that soils are not cross-anisotropy materials (Kang et al. 2014; Pennington et al. 1997; Wang and Mok 2008) . The validity of this assumption for polymer modified fly ash-soil mixtures has not been verified.
V s anisotropy of a soil has three key influencing factors, namely stress anisotropy, fabric anisotropy, and physicochemical conditions (Kang et al. 2014) . For spherical particles where fabric anisotropy is not present, such as fly ash cenospheres, the dominant factor for the V s anisotropy is stress anisotropy (Roesler 1979; Santamarina et al. 2001; Wang and Mok 2008) . Photoelastic analysis and discrete element modeling of glass beads found that the preferential force-chains and local arching through spherical particles were developed (Nadukuru and Michalowski 2012; Santamarina et al. 2001) . For nonspherical particles, including clay minerals, fabric anisotropy plays a major role (Kang et al. 2014; Ng and Leung 2007; Pennington et al. 1997; Santamarina et al. 2001 ). Due to the geological sedimentation process and high overburden stress (Bellotti et al. 1996) , platy clay particles are often aligned in a preferentially horizontal structure under K 0 consolidation (Kang et al. 2014; Santamarina et al. 2001) . For fine-grained clayey soil, including kaolinite, physicochemical conditions are also an important factor. pH and ionic strength have been reported to influence the V s anisotropy (Kang et al. 2014; Wang and Siu 2006) . In addition, surfactants have been reported to decrease the V s anisotropy (V s−hh =V s−vh ) of bentonite by 16% due to the decreased horizontal stresses as total organic carbon content increased both the strength and stiffness (Choo et al. 2015) . Studies of V s anisotropy of unmodified silty sand based on field geophysics measurement (i.e., down-hole and cross-hole tests) have indicated that the V s−hh =V s−vh ratio could reach up to 1.50 (Ku et al. 2011) . V s anisotropy of fly ash-soil mixtures, however, has rarely been well documented in the literature.
In this study, the small-strain stiffness of fly ash-kaolinite mixtures at fly ash contents of 0, 10, 20, 30, 60, and 100% was measured by bender element tests. Synthetic polymers [polyethylene oxide (PEO)] and biopolymers (xanthan gum and chitosan) were used to examine their effects on the small-strain stiffness of 30% fly ash-kaolinite mixtures. The influencing factors on V s and V s anisotropy of fly ash-kaolinite mixtures, including the stress conditions, physicochemical conditions of polymer solutions, and the associated underlying mechanisms were quantified.
Materials
Georgia kaolinite (RP-2, Active Minerals International) was used in this study. Georgia kaolinite has a specific gravity of 2.60 and d 50 value of 0.4 micron [ Fig. 1(a) ]. The fly ash used in this study was from Lafarge power plant (Wisconsin). This fly ash is classified as Class F [ASTM Standard C618 (ASTM 1997a)], which has a very limited self-cementing capability. The d 50 of the fly ash is 28 μm, which is 70 times larger than that of the Georgia kaolinite [ Fig. 1(a) Fig. 1(b) . All chemicals were purchased from Fisher Scientific and were used as received.
Experimental Methods
A scanning electron microscopy (SEM) test was performed on kaolinite, fly ash, and organically treated kaolinite and fly ashkaolinite samples using the SEM S-4700 (Hitachi). Samples were coated with gold powder using a sputter-coater (Hitachi E-1030) before testing. For each sample, four to six images were taken and compared, then a representative image was presented.
Effective specific gravity of the fly ash cenospheres were measured with a pycnometer test [ASTM D854-14 (ASTM 1997b)], which is often used to calculate the void ratio of a fly ash sample (Bachus and Santamarina 2012) . It is understood that the volume calculated by effective specific gravity is less than the true volume occupied by the fly ash cenospheres because, as suggested by the measured effective specific gravity results, the majority of the hollow cenospheres are filled with pore fluid. In this study, the void ratio of the fly ash-kaolinite mixtures were calculated based on the effective specific gravity measured from the pycnometer test.
To estimate the actual volume possessed by the cenospheres in the fly ash-kaolinite mixture, the shell thickness of cenospheres is needed. Kumar et al. (2013) used a vertical scanning interferometry three-dimensional (3D) image with a scan rate of 70 frames per second (fps) to determine the surface roughness change of mineral surfaces driven by dissolution or precipitation. Kolay and Bhusal (2014) measured the shell thickness of fly ash cenospheres from SEM pictures. A similar method was used in this study. Fly ash particles were ground with a pestle and a mortar for 120 min. Then 36 images of broken cenospheres were taken at different locations of SEM samples.
Dry fly ash and kaolinite at weight ratios of 0, 10, 20, 30, 60, and 100% were mixed and submerged into 0.01 mol=L NaCl solutions or 1 g=L polymers (PEO, xanthan gum, or chitosan) solutions with a solid-to-water ratio of 0.2 (AE0.05). The resulting slurry was then gently stirred by hand for 30 min and then left to stand for 24 h to complete the hydration process. The slurry was then transferred into an aluminum tube (height× diameter of 0.457 × 0.117 m) with double drainage conditions. Vertical loadings of 3.5, 7, 14, 28, 50, and 100 kPa, were applied to the slurry, followed by unloading of 50, 28, 14, 7, and 3.5 kPa. Each loading step was maintained until the end of primary consolidation was achieved as per Taylor's method. After slurry consolidation, the sample was extruded and sealed with food wrap and placed in a zip-top bag. The sample was then stored in a 100% moist room until use. The sample was trimmed down to a size of 0.114 × 0.102 m (diameter by height) to mount into the floating wall-type consolidometer (0.114 × 0.127 m; inner diameter by height) for bender element tests. The sample was completely submerged into a fluid chamber filled with water/salt solution (0.01 mol=L), where the pH, temperature, and ionic strength were monitored during the entire testing (up to 7 days).
A floating wall consolidometer type-bender element testing system developed in a prior study (Kang et al. 2014 ) was used to measure the shear wave velocity. After applying a small seating load (∼8 kPa) to the sample, vertical consolidation stress increased in the sequence of 16, 48, 96, 192, 416 , and 800 kPa; then reduced in the reverse order. Taylor's method was used to determine the end of primary consolidation, after which shear wave velocities in vh, hv, and hh directions were measured. Tip-to-tip distance was used as the travel distance. The exciting frequency of the sinusoidal signal at the transmitter bender element (33210A Agilent function generator, Keysight Technologies, Santa Rosa, California) was adjusted approximately to the resonance frequency, which ranged from 2 to 6 kHz. The input wave was amplified (5× to 10×) by a linear amplifier (EPA-104, Piezo System Inc, Cambridge, Massachusetts), and the received signal was filtered by a filter/signal conditioner (3364, Krohn-Hite, Brockton, Massachusetts) with a fixed band pass filter at 200-50,000 Hz. A square signal was also used for each measurement to check repeatability.
The stress dependence of V s can be expressed by Eq. (1) (Santamarina et al. 2001 )
where σ 0 corr represents the mean normal effective stress on the polarization plane: (Kang et al. 2014) , σ 0 v is the effective vertical stress after friction correction (details in Kang et al. 2014) , α factor (m=s) is the velocity of a medium subject to 1 kPa confinement, and exponent β relates to the contact effects. K 0 , the coefficient of lateral earth pressure at rest, is determined from Eq. (2) (Mayne and Kulhawy 1982) 
Results SEM imaging suggested that the majority of the fly ash particles used in this study are spheres that are hollow inside [ Fig. 1(a) ]. Assuming a normal distribution, the average shell thickness of 67 broken cenospheres in 36 SEM images was 0.0033 mm, with a standard deviation of 0.0019 mm. SEM images of kaolinite and 30% fly ash-kaolinite mixture treated with PEO, chitosan, and xanthan gum are presented in Figs. 2(a-f). The effective specific gravity of the fly ash, which was subsequently used to calculate the void ratios of fly ash-kaolinite mixtures, was measured to be 2.7, which was within the range of the literature data (1.20-3.10) by Bachus and Santamarina (2012) . The initial void ratios (e 0 ), preconsolidation pressure, compression index (C c ), and recompression index (C r ) are summarized in Table 1 . C c and C r of fly ash-kaolinite mixtures decreased as the fly ash content increased. PEO and chitosan reduce C c and C r , while xanthan gum relatively increased the C c and C r of the 30% fly ashkaolinite mixture. C r =C c of the Georgia kaolinite (0.32) is comparable to that of several well-documented natural clays, including a natural Na-kaolinite (0.33), Weald clay (0.35) or remolded Boston blue clay (0.33) ( Table 1) . As the fly ash content increases from 10% to 100% (transition from clay to silt), C r =C c ratio of the fly ash-kaolinite mixtures decreases from 0.32 to 0.06. These values are generally in line with the statistically calculated average C r =C c ratio of 0.19 for cohesive soils (Kulhawy and Mayne 1990) . Typical measured V s versus the friction corrected mean normal effective stress in the polarization plane (σ 0 corr ) relationship of the fly ash-kaolinite mixtures are shown in Fig. 3 . Several general observations were made: (1) V s was found to increase during loading and decrease during unloading, which suggests the formation of preferential alignment of platy kaolinite particles at high stresses; (2) under the same stress, V s during unloading was higher than the V s during loading, which suggests the irrecoverable plastic deformation to the fabric of the mixtures; and (3) as fly ash content increased, the measured V s increased.
The V s of polymer-modified 30% fly ash-kaolinite mixtures (Fig. 4) followed the same trends as those of unmodified fly ash-kaolinite mixtures. The addition of PEO and chitosan increased V s by as much as 16%. On the contrary, the addition of xanthan gum decreased V s by as much as 23%.
Compared to unmodified 30% fly ash-kaolinite mixture, the V s anisotropy in terms of V s−hh =V s−vh values decreased by the addition of polymers (Fig. 5) . In general, the ability of reducing V s anisotropy by polymers is ranked in the decreasing order of xanthan gum, chitosan, and PEO (Fig. 5) . V s−hh =V s−vh of xanthan gum-treated and chitosan-treated fly ash-kaolinite mixtures were lower than 1.0 during unloading [Fig. 5(b) ], which indicates that V s anisotropy is reversed when the loading is reduced.
Discussion

Threshold Fly Ash Content
A threshold fly ash content (F th ) at approximately 60%, which divides the V s and V s anisotropy variation trends with increasing fly ash content, was identified (Fig. 6) . It is noted that V s of fly ash-kaolinite mixtures at different fly ash contents under σ 0 corr of 600 kPa in Fig. 6 were obtained by fitting the measured V s with Eq. (1). This section focuses on V s value changes. The V s anisotropy behaviors will be elaborated in a later section. As fly ash content increased from 10 to 60%, V s values increased monotonically ( values either reached a plateau or decreased slightly. It is hypothesized the observed threshold fly ash content is related to the onset of continuous fly ash particle contacts throughout the sample, exceeding which the external forces were mainly taken by the chains of fly ash particles. Packing models are proposed to estimate the value of this threshold fly ash content. It is assumed that (1) all fly ash particles are cenospheres of the same geometry with an outer diameter of 0.028 mm (i.e., d 50 , Fig. 1 ) and a shell thickness of 0.0033 mm (from SEM results); (2) at this threshold fly ash content, the inside of the cenospheres are filled with water only (i.e., no kaolinite), while the void space between cenospheres is filled with saturated kaolinite whose void ratio is equal to that under the same stress. Based on the above assumptions, simple cubic packing (the loosest state) and face-centered packing (the densest state) represent the lower and upper bounds of all the possible packing densities for the fly ash phase, respectively. The lower and upper bounds of the threshold fly ash content at σ 0 corr ¼ 600 kPa were calculated to be 53.1% and 74.6% (detailed calculation in Kang 2015), respectively, which agrees well with the observed threshold fly ash content (around 60%) (Fig. 6) . Because fly ash (G sec ranges from 38 to 156 MPa, σ v ¼ 100-800 kPa) (Kang 2015) is stiffer than the saturated kaolinite (G sec ranges from 3 to 40 MPa, σ v ¼ 100-800 kPa) (Kang et al. 2014) , addition of fly ash to saturated kaolinite increases V s until the fly ash content reaches the threshold fly ash content (approximately ranging from 53.1% to 74.6%). Exceeding the threshold fly ash content, V s value is influenced by two mechanisms: (1) increase of the fly ash packing density, i.e., the number of fly ash cenospheres per unit volume, increases V s ; and (2) decrease of kaolinite content, especially those at the contacts between fly ash particles (given the same fly ash packing density) decreases V s . For example, the calculated packing density increases from 39,176 to 63,692 cenospheres=mm 2 as fly ash content increases from 60 to 100% (Kang 2015) . However, due to the loss of kaolinite from 40 to 0%, the net effect is either decreased V s (in hh direction) or constant V s (in hv and vh directions) (Fig. 6) .
Effect of Fly Ash Content on the V s Anisotropy
V s anisotropy of a geomaterial originates primarily from fabric anisotropy and stress anisotropy (Bellotti et al. 1996; Pennington et al. 1997; Santamarina et al. 2001; Wang and Mok 2008) . The influence of fly ash content on the V s anisotropy of fly ashkaolinite mixtures is quantitatively illustrated in Fig. 7 . It is noted that the shear wave velocity ratios in Fig. 7 were plotted under the same mean normal effective stresses in the polarization plane using the fitted data by Eq. (1). Thus, the effect of stress anisotropy is removed, and the V s anisotropy is primarily a result of fabric anisotropy. It is observed that V s anisotropy is prominent at high stress and high kaolinite content (Fig. 7) . High V s anisotropy is attributed to the high volume fraction of platy-shaped kaolinite particles, whose preferential alignment in the horizontal direction becomes more significant with higher loading in one-dimensional consolidation (Bellotti et al. 1996; Pennington et al. 1997; Santamarina et al. 2001; Wang and Mok 2008) . V s anisotropy gradually decreased as fly ash content increased, and diminished once past the F th . At σ 0 corr ¼ 600 kPa, V s−hh =V s−vh reduced to 1.31, 1.09, and 1.01 when fly ash content increased to 30%, 60%, and 100%, respectively. Decrement of V s anisotropy is due to the addition of nearly spherical fly ash cenospheres, which have little to no fabric anisotropy. Similar trends were observed for other mean normal effective stresses [ Fig. 7 
Stiffness Cross-Anisotropy
Equal V s values in vh and hh directions, or stiffness crossanisotropy, is often assumed in many geotechnical problems (Yimsiri and Soga 2000) . At the kaolinite dominant zone, no stiffness cross-anisotropy (V s−hv =V s−vh >1) was observed at high stress (σ 0 corr >200 kPa) during loading or at any stress during unloading (Fig. 8) . Higher stresses during loading normally developed higher V s−hv =V s−vh values [ Fig. 8(a) ]. At the threshold zone or fly ash dominant zone (fly ash content ≥F th ), stiffness cross-anisotropy was observed (V s−hv =V s−vh ≈ 1) regardless of the applied stress values. Round sand was reported as a cross-anisotropic material in the literature (Bellotti et al. 1996; Wang and Mok 2008) . The shape of fly ash cenospheres is similar to that of the round sand, which makes fly ash cenospheres cross-anisotropic. On the other hand, platy-shaped kaolinite particles align preferentially under high stress (>200 kPa) (Bellotti et al. 1996; Kang et al. 2014; Santamarina et al. 2001; Wang and Mok 2008) , and, therefore, are not cross-anisotropic. Consequently, fly ash-kaolinite mixtures are not cross-anisotropic in a kaolinite dominant zone (fly ash content <F th ) (except for when σ 0 corr <100 kPa during loading, where preferential alignment is not developed), and become cross-anisotropic at the F th and fly ash dominant zone (fly ash content >F th ). Reversals of the above-mentioned trends were observed at 30% fly ash contents during unloading [ Fig. 8(b) ], which, similar to that observed in Fig. 7(b) , could be attributed to similar mechanisms, i.e., the limitation of Eq. (2) in accurately predicting K 0 during unloading, the variation in V s−vh measurements and its amplification by dividing operation, and the loss of accuracy in fitting Eq. (1).
Effects of Polymers on the V s and V s Anisotropy
Polymers interact with both fly ash at the macro-grain-scale (referred to as polymer-induced cohesion) (Cole et al. 2012 ) and kaolinite at microscale (polymer bridging) (Nugent et al. 2010; Tan et al. 2014) . Chang et al. (2015) reported that the polymer-clay interactions govern the overall behavior when clay (kaolinite) content is high (≥60% by weight), where the formation of the biopolymer-clay matrices is the major contribution to the increase of strength. In this study, since 30% fly ash-kaolinite mixture contains high clay content (70% kaolinite), the mechanical property changes due to polymer-kaolinite interactions are expected to dominate the overall behavior. The V s increase (up to 16%, Fig. 4 ) of PEO modified 30% fly ash-kaolinite mixture is mainly attributed to polymer bridging. PEO chains served as adhesive bonding between fine-grained soil particles (Mpofu et al. 2004; Swenson et al. 1998) , which increased the interparticle attractive forces. This was equivalent to an increase in effective stress, which improved the stiffness of geomaterials. In addition, polymer bridging induced densely packed [slight reduction of e 0 from 1.10 to 1.06 with PEO addition (Table 1) ] and large kaolinite aggregates [2.585 micron in SEM image Fig. 2(d) ]. The typical aggregate size of PEO modified fly ash-kaolinite mixture reached 2.585μm, which is seven times larger than the d 50 of unmodified kaolinite (Fig. 2) . Large and compacted {face-to-face (FF) association in [ Fig. 2(d) ]} kaolinite aggregates possess high stiffness due to the increased bonding between particles by polymer bridging of PEO. Besides, the large kaolinite aggregates could also physically bridge adjacent small fly ash particles (d 10 of the fly ash is 2.5μm [ Fig. 1(a) ], comparable to the size of large kaolinite aggregates by PEO modification {2.6μm [ Fig. 2(d) ]}, which increases the coordination number of the mixture. Increases in the stiffness and in coordination number lead to stiffness increment (Santamarina et al. 2001) . Chitosan was also found to increase the V s of 30% fly ash-kaolinite mixtures, but to a lesser extent compared to PEO (Fig. 4) . Positively charged chitosan will first interact with negatively charged kaolinite through Coulombic attraction (charge neutralization). Charge neutralization occurred locally on the surface of an individual kaolinite particle only, not contributing to the binding between kaolinite particles (Huang and Chen 1996; Parazak et al. 1988; Zhang et al. 2013) . Therefore, chitosan does not induce large compacted aggregates like PEO does (Fig. 2) . Besides, the charge neutralization process reduces the number of available polymers that participate in the secondary interaction, i.e., polymer bridging (such as hydrophobic interactions and hydrogen bonds) (Kim and Yang 2012; Tan et al. 2014) . As a result, given the same dosage, the polymer bridging effect of chitosan is weaker than PEO. This can be shown by the small aggregate size (0.980 μm) by chitosan modified 30% fly ash-kaolinite mixture [Figs. 2(b and e) ]. In addition, a recent study by Wang et al. (2015) suggested that under high salinity conditions (0.01-1.0 mol=L NaCl) the aggregation tendency of chitosan polymer chains led to fewer polymer chains available to bind with kaolinite particles, thereby weakening the bridging effects of chitosan. Since the ions released from the Class F fly ash increase the ionic strength in the pore fluid (the ionic strength of the pore fluid of the 30% fly ash-kaolinite mixture is equivalent to the ionic strength 0.01 mol=L NaCl), they are likely to weaken the bridging effects of chitosan, and therefore compromise the increment of both kaolinite aggregate size [0.980 μm, Fig. 2 (e)] and V s (Fig. 4) . On the other hand, xanthan gum lowered the V s of 30% fly ashkaolinite mixture by 23% (Fig. 4) , which could be attributed to the following two mechanisms. First, the interparticle forces are dominated by strong electrostatic repulsive forces between negatively charged xanthan gum and negatively charged kaolinite (Benchabane and Bekkour 2006; Zhang et al. 2013 ). This is equivalent to a decrement of effective stress, which, in turn, leads to a decrease of V s . Second, xanthan gum chains, which attract positively charged edges of kaolinite and repel negatively charged faces of kaolinite via electrostatic attraction (Benchabane and Bekkour 2006; Tan et al. 2014; Zhang et al. 2013) , induced loose [high e 0 of 1.34 (Table 1) ] and layered kaolinite fabric (Labille et al. 2005) [Figs. 2(c and f) ]. As a result, the bulk void ratio increased dramatically (by 22% as shown in Table 1 ), and the V s decreased by up to 23% (Fig. 4) .
The addition of PEO, chitosan, or xanthan gum was found to diminish the V s anisotropy of fly ash-kaolinite mixtures (Fig. 5) , by both reduction of fabric anisotropy and reduction of stress anisotropy. The aspect ratio of kaolinite aggregates decreases (i.e., less platy), as a result of the formation of large aggregates by the polymer bridging effects of PEO or chitosan [ Fig. 2(a) ]. This decreased the fabric anisotropy, and therefore, the V s anisotropy in both loading and unloading conditions [Figs. 5(a and b) ]. In the case of xanthan gum modification, dispersed and thin-layered fabrics [ Fig. 2(f) , SEM] were observed even under the highest applied stresses in this study, which prevents preferential alignment. As a result, V s anisotropy is less apparent than unmodified fly ashkaolinite mixture. On the other hand, stress anisotropy was reduced due to the decrease of coefficient of lateral earth pressure at rest, K 0 , by polymers (Kang 2015) . Kang (2015) found that PEO and chitosan increased the critical state friction angle (ϕ 0 ), which reduced K 0 according to Eq. (2). Consequently, the mean normal effective stress in hh direction was reduced by the K 0 reduction, which led to the decrease of V s−hh , and eventually to the reduction of V s anisotropy (Fig. 5) .
Stress Dependence of V s of the Organically Modified Fly Ash-Kaolinite Mixtures
The stress dependence of V s can be expressed by Eq. (1). The coefficient α represents the shear wave velocity of a geomaterial under a mean normal stress of 1 kPa (Santamarina et al. 2001) . The coefficient β is theoretically related to the contact effects. The β value of 1=6 represents the Hertzian contact (elastic spheres); 1=4 represents the cone-to-plane contacts (rough or angular particles) or spherical particles with contact yield, and 3=4 represents the contacts governed by Coulombian forces (Santamarina et al. 2001) . α and β were fitted with Eq. (1) by the least square method using Solver function in Microsoft Excel (R 2 ¼ 0.9025-0.9970) (Fig. 9) . Each polymer-modified fly ash-kaolinite mixture was fitted separately. Besides, loading and unloading stages were fitted separately.
During loading, in the kaolinite dominant zone (fly ash content <F th ), most α and β values fell in the loading area as shown in Fig. 9(a) , which is characterized by low α values (α < 30) and high β values (β > 0.23); while at the fly ash dominant zone (fly ash content >F th ), α and β values fall in the transition area [ Fig. 9(a) ], characterized by higher α values and lower β values than those in the loading area due to the increased stiffness and Herzian contacts (β ¼ 1=6) by the addition of fly ash content.
Overconsolidation shrank the electrical double layer and increased the particle contacts of kaolinite particles and increased packing density of fly ash particles (Table 1) . Both mechanisms yield stiffer particulate material than their normally consolidated conditions, which was confirmed by approximately monotonic trends of the rising α and falling β values as fly ash increased from 0% to 100% during unloading [ Fig. 9(b) ].
During loading, no obvious trend was observed on the effects of polymers on α and β values of 30% fly ash-kaolinite mixtures, the majority of which resided in the loading area and transition area [ Fig. 9(b) ]. During unloading, however, higher α values and lower β values were observed in the transition area and unloading area. In general, PEO, chitosan, and xanthan gum (in that order) monotonically increased α and decreased β values. Higher α values and lower β values of xanthan gum-treated fly ash-kaolinite mixture indicated that the stiffness reduction was less influenced by external stresses during unloading (i.e., a flatter curve in Fig. 4 ). Electrical repulsion of xanthan gum might weaken the effects of external stress on the resultant effective stress. External forces are more relevant for PEO-treated 30% fly ash-kaolinite mixture as indicated by the high β values (or the steeper V s =stress slope during unloading). This is postulated to result from PEO-induced large aggregates (Fig. 2) , at the scale of which (about 2.8μm) mechanical forces emerged as the dominant interactions (Santamarina et al. 2001) .
Linear and hyperbolic functions [Figs. 9(a and b) ] were used to fit the observed data (R 2 ¼ 0.7587-0.9028). The resulting fitting curves in this study are similar to previous studies on geomaterials without polymer modification (Santamarina et al. 2001; Ku et al. 2011) , except for lower β values in overconsolidated soils. This is postulated to be due to the presence of either fly ash particles (more Hertzian contacts) or xanthan gum (more electrical repulsion).
Final Thoughts
The contribution of this study is twofold: the application of polymers in high-volume reuse of Class F fly ash, and the general use of polymers as soil modification agents in geotechnical engineering.
First, the magnitude of a ground shaking is usually stronger when the stiffness (V s ) is lower (Kramer 1996) . Soft soils, including saturated mud, artificial fill, and unmodified kaolinite at low confining stress (<600 kPa) (Kang et al. 2014) , are often rated E (V s < 180 m=s) by National Earthquake Hazards Reduction Program (NEHRP) standard (Building Seismic Safety Council 2003) , for which the strongest amplitude of shaking is expected. Adding Class F fly ash to those soft soils increases the stiffness (Fig. 6) , and therefore, reduces the shaking amplitude during dynamic loading. Polymer addition can further increase the stiffness of Class F fly ash-natural soft soil mixtures (Fig. 4) . Besides, polymer addition also decreases stiffness anisotropy (Figs. 7 and 8), which is beneficial to reduce the inaccuracy in soil dynamic analysis originating from the differences between different V s measuring methods. For example, down-hole and seismic cone penetrometer methods measure V s in vh direction (V s;vh ) (Kramer 1996; Ku and Mayne 2015) , which is often used in one-dimensional geotechnical earthquake analysis. However, when cross-hole method is used, the measured V s is either in hh or in hv direction (Kramer 1996; Ku and Mayne 2015) , the use of which may lead to overestimation of V s .
Second, this study just showcased one aspect of the potential application of polymers in geotechnical engineering. The fly ash particles used in this study can be surrogates for other silty and sandy soils, while the mechanisms revealed in this study, such as the stiffness-enhancing effects of polymer bridging (those in PEO) and the stiffness-weakening effects of the negatively charged polymer chains (xanthan gum), still apply. On the other hand, the quantity required for soil improvement using polymers (0.1-5% by weight) is usually much less than that using lime or cement (3-20% by weight). The price of industrial polymers is approximately one order of magnitude higher than that of cement. Therefore, the cost of using polymers for soil stabilization is on the same order of magnitude as that of cement treatment. Besides, the gain in sustainability, e.g., less greenhouse gas footage and low environmental impact by using polymers, especially biopolymers, is valuable. As shown in previous studies, polymers hold the potential for applications in ground improvement, replacing the traditional chemical stabilization methods, such as lime and cement stabilization. This study is an explorative effort to more use of polymers in soil stabilization. Further studies on the effects of polymers on strength, long-term stability, and environmental effects are warranted.
Conclusions
The shear wave velocity and its anisotropy of unmodified and polymer-modified fly ash-kaolinite mixtures were investigated by a self-developed floating wall consolidometer type bender element testing system. The following conclusions are made: 1. A threshold fly ash content (F th ), which corresponded to the onset of continuous contacts between fly ash particles throughout the specimen, was found to exist for the V s and V s anisotropy anisotropy decreased. After F th , as fly ash content increased, V s slightly decreased or remained constant, while V s anisotropy almost diminished; 2. When fly ash content was below the F th , addition of fly ash particles increased the stiffness of kaolinite, as fly ash particles are stiffer than saturated kaolinite. After F th , there are two competing mechanisms, i.e., the V s increase due to the increase of fly ash content and the V s decrease due to the loss of kaolinite mass, especially those at fly ash particle contacts. The results suggested that the latter dominate; 3. Addition of fly ash particles reduces V s anisotropy due to the isotropic spherical shape of the majority of the fly ash particles used in this study; 4. Cross anisotropy assumption holds as fly ash content is higher than F th , which, however, is not the case as fly ash content is lower than F th ; 5. The addition of PEO leads to larger and stiffer kaolinite aggregates due to polymer bridging, which yields higher V s . Chitosan has similar effects to PEO on V s values, but to a lesser extent. On the contrary, xanthan gum induces more dispersed and thinlayered kaolinite fabric, which leads to a lower V s ; and 6. All three polymers reduced V s anisotropy. This is attributed to the reduction of initial fabric anisotropy and the reduction of stress anisotropy, which reduces V s−hh .
